. Structural mimicry of the dengue virus envelope glycoprotein revealed by the crystallographic study of an idiotype-antiidiotype Fab complex.
IMPORTANCE A chimeric yellow fever-dengue live-attenuated tetravalent vaccine is now being marketed. Dengue remains a significant public health problem, because protection conferred by this vaccine against the four circulating serotypes is uneven. Reliable tools must be developed to measure the immune responses of individuals exposed to DENV either via viral infection or through vaccination. Anti-idiotypic antibodies provide precision tools for analyzing the pharmacokinetics of antibodies in an immune response and also for measuring the amount of circulating anti-infective therapeutic antibodies. Here, we characterize how an anti-idiotypic antibody (E1) binds antibody HM14c10, which potently neutralizes DENV serotype 1. We report the crystal structure at a resolution of 2.5 Å of a complex between the Fab fragments of E1 and HM14c10 and provide the first detailed molecular comparison between the anti-idiotype surface and its analogous epitope located at the surface of the dengue virus particle.
D
espite the recent release of a chimeric yellow fever-dengue live-attenuated tetravalent vaccine by Sanofi (1, 2) , dengue remains a significant public health problem, because protection conferred by this vaccine against the four circulating serotypes is uneven and is particularly weak against dengue virus serotype 2 (DENV-2). Moreover, a satisfying understanding of the intricacies associated with secondary DENV infections and the concomitant risks of antibody-dependent enhancement (ADE) leading to severe forms of the disease has not been achieved. There is a general need to develop reliable tools to measure the immune response in individuals who have been exposed to DENV either via natural infection by one of the four DENV serotypes or through vaccination. Anti-idiotypic antibodies provide such precision tools for analyzing the pharmacokinetics of antibodies in an immune response and also for measuring the amount of circulating anti-infective therapeutic candidates in serotherapy. Idiotopes have been defined as antigenic determinants that are unique to the variable V L -V H combining site of a particular antibody (MAb), and the ensemble of idiotopes of a MAb constitutes its idiotype (3) . Because cross-reactive idiotypes can be observed in various individuals immunized against the same antigen, idiotypes are useful markers to monitor immune responses and the levels of a particular antibody in serum.
The human MAb HM14c10, an IgG1 MAb isolated from a recovered patient, showed strong neutralizing activity against DENV-1 infection in the AG129 mouse model (4) . In vivo studies demonstrated that HM14c10 exhibited antiviral activity at picomolar concentrations by inhibiting both the virus attachment and postattachment steps (4) . This observation makes HM14c10 an attractive candidate for serotherapy to treat DENV-1 infections. By using cryoelectron microscopy, the structure of the antigen binding fragment (Fab) of HM14c10 bound to a DENV-1 viral particle was determined at a resolution of 7 Å. In the absence of an atomic structure for the Fab HM14c10 fragment, the interaction of this antibody with the virion was analyzed by creating a homology model of the Fab fragment and docking it into a 7-Å cryo-electron microscopy (EM) map (4) . At the surface of the flavivirus virion, E protein monomers form three head-to-tail dimers within the icosahedral asymmetric unit (5). The epitope recognized by HM14c10 on the viral particle is located at the interface between envelope (E) protein monomers: two Fab HM14c10 bind to three E proteins in the virus asymmetric unit, and each Fab binds to an epitope that encompasses residues from domain III, domain I, and the hinge between domains I and II of two adjacent E proteins (see Fig.  2 in reference 4).
By using a naive human Fab phage library, an anti-idiotype human MAb named E1 was subsequently generated, which specifically recognizes HM14c10 (6). Importantly, E1 is able to inhibit the binding of HM14c10 to DENV-1 viral particles (6) , suggesting that E1 binds to the HM14c10 combining site, sterically hindering the access of the variable region of HM14c10 to the epitope on the viral particle. Here, we used X-ray crystallography complemented by molecular dynamics (MD) simulations to provide an atomic-level understanding of the interactions established between E1 and HM14c10. Importantly, the experimental structure of the variable region of Fab HM14c10 determined in the present work also allowed us to provide a more accurate description of the interactions established between the complementarity domain regions (CDRs) of HM14c10 and the epitope that it recognizes at the surface of DENV-1. We compare the two sets of atomic interactions established between the binary complexes formed between HM14c10 and E and between HM14c10 and E1, giving a structural basis for the observed mimicry. We then discuss how the structural mimicry between E1 and E could be improved, with a view toward engineering MAb E1 as an immunogen, to elicit an anti-DENV immune response. Finally, we show that E1 detects HM14c10-like antibodies in sera from dengue virus serotype 1-infected (and recovered) patients but not from patients infected with other dengue virus serotypes or healthy controls. Thus, E1 binding suggests that the epitope targeted by HM14c10 is a "public" epitope. This has implications for our future design and evaluation of dengue vaccines.
RESULTS
Crystal structure of the Fab HM14c10-Fab E1 complex. The two purified Fab fragments were mixed at a 1:1 molar ratio, and the Fab-Fab complex was purified by using gel filtration chromatography (see Fig. S1 in the supplemental material), followed by crystallization (see Materials and Methods and Fig. S2 ). The two complexes located in the asymmetric unit related by 2-fold noncrystallographic symmetry are closely similar (Tables 1 and 2) . A general view of the complex is shown in Fig. 1 and in Movie S1 in the supplemental material. The pseudo-2-fold rotation axes that relate the V L and V H domains of each Fab are almost aligned, giving the whole molecular complex an elongated shape spanning a total distance of about 147 Å. The two Fab combining sites (Fig. S3 ) are tightly engaged with each other, burying a total surface area of 1,460 Å 2 upon complex formation. This value is within the range (1,231 to 1,750 Å 2 ) observed for comparable idiotype-anti-idiotype complexes reported previously (7) (8) (9) (10) . Their respective H3 CDRs are located approximately at the center of the interface, but the variable dimers are rotated by ϳ90°along the long axis of the complex with respect to each other, such that the contribution of V H of HM14c10 to the interaction with E1 (interface of 730 Å 2 ) significantly exceeds the involvement of its V L region (interface of 197 Å 2 ) 
H a A residue is considered a key residue if its buried surface area is more than 10% of the accessible surface area calculated by PDBePISA (http://www.ebi.ac.uk/pdbe/pisa/). Residues that are involved in forming hydrogen bonds and/or salt bridges are denoted h and/or s, respectively. Capital H and S are used if the hydrogen bonds and salt bridges are consistently observed in both HM14c10 antibodies. Interface residues that both are found in both HM14c10 antibodies and form Van der Waals interactions are denoted C.
( Fig. 1 and Table 1 ). A closeup view of the interactions established between residues from the CDRs of HM14c10 and E1 is shown in Fig. 1 , and atomic interactions are detailed in Table 1 . Residues projecting from H2, H3, and L1 from HM14c10 establish the majority of the intermolecular interactions with E1 ( Fig. 1 and Table 1 ). The V H region of HM14c10 forms nine hydrogen bonds and three salt bridges with E1, while the V L region forms five hydrogen bonds. The V H region of HM14c10 contributes almost 80% of the total buried surface area and 90% of the total solvation free energy of the complex. Table 1 shows that the majority of polar interactions are formed by residues from H2 of HM14c10, while H3 and L1 mostly establish hydrophobic interactions, particularly through residues W104 and W107 of H3 (Fig. 2) . A few key residues from HM14c10, such as K57 and W104, make interactions with both the V H and V L regions of E1: the -amino group of the K57 side chain from HM14c10 (H2) forms a salt bridge with the carboxylic group of D103 from E1 (H3), while the aliphatic portion of the lysine a The buried surface area was calculated by PDBePISA (http://www.ebi.ac.uk/pdbe/pisa/), and shape complementarity was calculated by using the sc program in the CCP4 package (30) . Complex 1 and complex 2 refer to the two independent complexes in the crystal asymmetric unit. Table 2 . In addition, several water molecules trapped at the Fab-Fab interface further augment the shape complementarity between the molecular surfaces. Refined structure of the HM14c10-E complex. A three-dimensional (3D) model for the complex between Fab HM14c10 and the E protein of DENV-1 was obtained previously, using a cryo-EM electron density map to a resolution of 7 Å (4). We took advantage of the atomic structure determined experimentally here for Fab HM14c10 to describe the complex that it forms with the DENV-1 viral particle in more detail (Fig. 3) . Using the same initial fitting in the cryo-EM map reported previously by Teoh et al. (4), we performed MD simulations to allow for the relaxation of the side chains, to account for a mutual adaptation of the molecules upon complex formation. The simulated system comprised two HM14c10 variable dimers (composed solely of V H and V L ) bound to four E proteins, as shown in Fig. 3A and B. To allow for structural differences in the context of the viral particle, the positions of the side-chain atoms of both the Fab fragment and the E protein were refined by using MD simulation (see Materials and Methods). The root mean square deviation (RMSD) values converged at Ͻ2.3 Å for side-chain atoms and Ͻ1.6 Å for backbone atoms, indicating that the system had equilibrated in 30 ns (see Fig. S1 in the supplemental material). During the MD simulation, the flexible loops were left free to move, thereby enabling them to relax and change their conformations and hence improving the fitting at the Fab HM14c10-E binding interface. The resulting footprints on the virion of the two HM14c10 variable dimers exhibit differences, consistent with data reported previously (4). However, we can now establish a list of interacting residues, which was not possible previously. Here, HM14c10 forms 15 hydrogen bonds and 4 salt bridges with E (Table 1) . However, the distribution of hydrogen bonds varies between the two independent HM14c10 -DENV-1 complexes. For one HM14c10 molecule, V H contributes the majority of the polar interactions, while it is the V L region that forms the most hydrogen bonds for the other HM14c10 variable dimer (see Table S1 in the supplemental material). Both HM14c10 complexes bind to an epitope comprising residues from domains I and II of one E protein and domain III of a neighboring E protein ( Fig. 2C and 3B and D) . The list of interactions given in Table 2 shows that H2, H3, L1, and L2 from HM14c10 form the majority of the interactions with the E protein. The V H region of HM14c10 contributes 60% of the total buried surface area and approximately 60% of the solvation free energy. Interestingly, the first HM14c10-E complex has a lower buried surface area but higher shape complementarity than the second HM14c10-E complex ( Table 2) . Nonetheless, several key residues, listed in Table 1 , are consistently found at the binding interface of both independent HM14c10-E complexes, suggesting the existence of "hot spot" residues that are primarily responsible for complex formation. Overall, the present work provides an atomic description of how HM14c10 binds to domain III (the putative receptor binding site) and also to a hinge region of E between domains I and II, important for conformational changes during the postattachment step of viral entry, during viral fusion (11) .
Structural basis for mimicry between E1 and the E protein of DENV-1. To analyze the structural basis for the mimicry between the epitope presented on the DENV-1 virion to the HM14c10 antibody and the surface of the E1 anti-idiotypic antibody, we compared the interaction networks established in the individual binary complexes between HM14c10-E1 and HM14c10-E and the breakdown of interfaces formed by individual domains ( Table 2 ). The interactions appear highly discontinuous in nature, as HM14c10 binds to all three domains of the E protein of DENV-1. The majority of the HM14c10-E1 interactions are formed through the heavy chains of both antibodies. The V H region of HM14c10 interacts mainly with domain I, while its V L region binds at the hinge region connecting domains I and II. Both the V H and V L regions of HM14c10 also bind to domain III of a neighboring E protein (Fig. 4D) . A comparison of the respective buried surface areas and shape complementarities between HM14c10 and either E or E1, listed in Table 2, shows that HM14c10 V H binds equally as well to E1 and E; however, the buried surface area between HM14c10 V L and E1 is only half of the area between HM14c10 V L and E. Since the mimicry of E1 is likely to depend on how closely the binding footprints left on HM14c10 by E1 and E overlap, we evaluated binding footprints in more detail: the key pairs of residues that participate in the network of interactions between HM14c10 and either E or E1 are mapped in Fig.  4C and D, respectively. Overall, this mapping suggests that the structural mimicry between E1 and E is partial, as their binding footprints are similar though not identical ( Fig. 4) . Several key interactions are consistently observed in both binary complexes: a trio of charged residues protruding from H2 of HM14c10, namely, D54, K57, and K65, is consistently found in the formation of polar contacts with either the E protein ( Fig.  2D and 4D ) or E1 ( Fig. 2C and 4C ): K57 and K65 form salt bridges with D103 and D53 of E1, respectively, whereas a chemically equivalent pair of salt bridges is observed in the HM14c10-E complex, with E172 and E327 as acceptors instead of two aspartates (compare Fig. 2C and D) . Likewise, D54 of HM14c10 forms a hydrogen bond with Y104 of E1 (Fig. 4C) , while HM14c10 hydrogen bonds Q174 of the E protein in the other binary complex (Fig. 4D) . Overall, the most striking difference that we observed in the binding footprints between E and E1 is the lack of an involvement of CDR L2 of HM14c10 in the interaction network with E1, as highlighted in Fig. 4 and in Table 1 . The key residues of HM14c10 that interact with E are located on CDRs H2, H3, L1, and L2. While residues on H2, H3, and L1 are consistently observed to interact with E1 in similar fashions, no residue from L2 was found to interact with E1. The observation that the set of interactions involving L2 (in the binary complex with HM14c10) is entirely absent in E1 is highlighted in the form of a red dotted box in Fig. 4D . Therefore, the binding footprint of E1 on HM14c10 appears to constitute a subset of the binding footprint left by E on HM14c10. This lower "coverage" of the V L region of HM14c10 by E1 will certainly impact negatively the functional mimicry of E provided by the E1 anti-idiotypic antibody.
Detection of HM14c10-like antibodies in serum from dengue virus serotype 1-infected convalescent patients. To analyze whether HM14c10 carries a public idiotype, we employed E1 as a detection reagent on sera from patients who recovered from dengue virus serotype 1 infection versus sera from patients who recovered from infections by serotypes 2, 3, and 4 or healthy controls with no prior exposure to dengue virus. By using E1 as a capture reagent for an enzyme-linked immunosorbent assay (ELISA) on titrated human sera, we observed significantly enhanced binding when we compared serum samples from DENV-1-infected convalescent patients to serum samples from non-DENV-1-infected patients or noninfected controls (Fig. 5A) . The differences between the sera of patients infected with dengue virus serotype 1 and those of the controls were particularly marked at a 1:25 titration (Fig. 5B) . This observation suggests the presence of circulating DENV-1-specific antibodies, sharing similar structural idiotypes with HM14c10, which thus may target the same viral epitope.
DISCUSSION
The concept that anti-idiotypic antibodies could structurally resemble an antigen and therefore mimic its binding and immunogenic activities was proposed by Jerne et al. more than 40 years ago in the context of their development of a "network theory" for the regulation of the humoral immune response (12, 13) . Even though the regulation of the B-cell response through a network of antibodies-anti-idiotypic antibodies in equilibrium is no longer in favor, the idea that the molecular surface of an anti-idiotypic antibody might bear an "internal image" or imprint, thereby mimicking the original antigen, has fascinated immunologists because of the possibility that it could in principle offer the use of the anti-idiotypic antibody (instead of the original antigen against which the antibody was raised) to elicit a specific immune response. This concept was put to a rigorous test in the 1990s by structural immunologists using hen egg lysozyme (HEL) as a model antigen, the primary anti-HEL antibody D1.3, and its anti-idiotypic antibodies E225 and E5.2, both of which bind the D1.3 combining site (7, 10) . Interestingly, those studies concluded that the molecular surface presented by the antibody combining site could be bound with high affinity by either HEL or the antiidiotypic antibody, even in the absence of obvious sequence or structural similarity between the original antigen and the anti-idiotypic antibody binding site. Likewise, another instance of degenerate recognition was also found in a separate study reporting that two unrelated antibodies could bind with high affinity to the same epitope on the lysozyme (14) . An interesting finding was that immunization of BALB/c or C57BL mice with the anti-idiotypic MAb E5.2 or E225 yielded antibodies that could bind to HEL, the primary antigen (see Fig. 3 in reference 3) , and several of these antibodies were not derived from the same D1.3 clone. More recently, efforts to develop "idiotypic vaccines" for cancer treatment have been reported (15, 16) . Racotumomab, an antiidiotypic antibody targeting the NeuGcGM3 tumor-associated ganglioside, was developed, and a clinical trial was conducted to provide a preliminary estimate of the efficacy and safety of racotumomab in patients with advanced non-small-cell lung cancer (15) . In a separate study, the GD2 antigen, which is highly expressed on neuroblastoma cells in cases of pediatric malignancy with poor prognoses, was targeted through the use of a new human-mouse chimeric anti-idiotypic antibody named ganglidiximab: this antibody was successfully used as a protein vaccine in vivo to induce a GD2-specific humoral immune response (16) .
The development of a vaccine against DENV was initiated in as early as the 1940s by Sabin and Schlesinger (17) . Antibodies induced by the chimeric yellow fever-dengue live attenuated tetravalent dengue vaccine (CYD-TDV) were studied (2) . The authors of that study concluded that the quality of neutralizing antibodies induced by CYD-TDV varies depending on the DENV serotype and previous immune status. Remarkably, vaccination of individuals having preexisting immunity with CYD-TDV boosted their level of neutralizing antibodies compared to those in naive subjects (2) . These observations illustrate the need for precision tools and reagents to monitor the level of circulating antibodies against DENV in individuals, in order to evaluate their immune status and correlates of protection. In this respect, the present work provides structural evidence for how the E1 anti-idiotypic antibody can specifically recognize HM14c10, validating its use for pharmacokinetic analysis of an anti-DENV-1 immune response and also for measuring the amount of circulating HM14c10 in clinical trials. Here, we found that E1 can be utilized to differentiate sera from patients who recovered from dengue virus serotype 1 infection from sera from those who recovered from infection by serotype 2, 3, or 4 and healthy controls (Fig. 5) . This promising observation has potentially important implications for our understanding of how our immune system targets serotypespecific epitopes in dengue virus infection. The identification of HM14c10 as bearing a public idiotype suggests that its target should be the subject of further study for future vaccine design and evaluation. Although E1 does not cover the HM14c10 combining site entirely, the binding footprint of E1 largely overlaps domains I and II of one E protein and domain III of a neighboring E protein. Therefore, the mimicry provided by the E1 antibody appears immunologically relevant in the sense that it would correspond to a dengue virus envelope assembled in the context of a virion rather than to an isolated E protein. One may therefore expect that immunization with E1 would elicit antibodies that are able to react with DENV-1 viral particles from the human germ line B-cell receptor repertoire, such as the HM14c10 antibody. However, while the E1 heavy chain establishes extensive contacts with HM14c10, its coverage of the HM14c10 light chain is less than that for the E protein. The structure suggests how E1 could be further optimized to overcome this lack of coverage for its comparatively weaker recognition of the Fab HM14c10 light chain; for instance, a longer H2 segment could enable E1 to interact more extensively with L2 of HM14c10 and enhance its mimicry. In conclusion, the structural basis for the mimicry of the DENV envelope protein by E1 described here provides hints to further optimize the E1 anti-idiotypic antibody with a view to achieving more complete immunological mimicry for vaccine development.
MATERIALS AND METHODS

Generation of E1.
A detailed methodology describing the steps involved in the generation and characterization of E1 was reported previously (6) . Briefly, the Humanyx Fab phage library (naive human Fab phage library) (Humanyx Pty. Ltd., Singapore) was used for the phage display panning process against the target antigen, a fully human anti-dengue virus serotype 1 HM14c10 Fab (4). The library was enriched for positive clones against HM14c10 Fab via sequential panning steps with immunotubes coated with 20 g of the target antigen. Preblocked polyethylene glycol (PEG)-precipitated polyclonal phages enriched from four rounds of panning were tested against the target antigen, HM14c10 Fab, plus other irrelevant control antibodies. Enriched phage was propagated in Escherichia coli TG1. The antibody templates from 66 colonies were sequenced, and antibody candidates were expressed as recombinant proteins for functional testing on the target antigen (HM14c10 Fab). E1 was selected based on its binding characteristics and specificity (6) .
Complex purification, crystallization, data collection, structure determination, and refinement. A total of 1 mg of Fab E1 was mixed with an equal amount of Fab HM14c10, and the mixture was incubated at 4°C for 6 h. The Fab-Fab complex was then purified by gel filtration on an S200 16/600 preparative column (GE Health Care) in a buffer containing 20 mM Tris-HCl at pH 7.5, 150 mM NaCl, and 2.5% (vol/vol) glycerol. The fractions containing the Fab-Fab complex, as observed by using SDS-PAGE, were pooled and concentrated to 11.4 mg/ml in a volume of about 70 l. A total of 384 crystallization conditions (Hampton Research crystallization kits) were screened at 20°C by using a robotic Phoenix system (Art-Robbins), using a protein-to-precipitant volume ratio of 1:1 and drops of 0.2 l. Initial plate-shaped crystals were obtained after 3 days in a buffer containing 0.1 M ammonium acetate, 0.1 M Bis-Tris propane (pH 5.5), and 17% (wt/vol) PEG 10000. Data collection was performed at the Australian synchrotron, and the diffraction intensities were indexed, merged, and scaled with the XDS program (18) . Statistics are displayed in Table 3 . A partial solution for the structure was obtained by using automated molecular replacement and the BALBES program (19) . This partial solution that comprised variable and constant dimers assembled as two incomplete Fab-Fab complexes could be completed by using a The numbers in parentheses refer to the last (highest-resolution) shell. b R free is as for R work but calculated with 5% of randomly chosen reflections omitted from the refinement. c CC(1/2) is the random half data set correlation coefficient (30) .
knowledge of the 2-fold noncrystallographic symmetry (NCS) axis, allowing the placement of the missing variable and constant dimers and leading to a complete initial model comprising two Fab-Fab complexes arranged in a head-to-tail manner around the NCS axis dyad. The structure was then refined iteratively with the BUSTER program (20) following building sessions using COOT (21) . The stereochemistry of the structure was checked with the MolProbity server (22) (http://molprobity.biochem.duke.edu/), and figures were prepared with the PyMOL program (23) (http://www.pymol.org/). System preparation for MD simulations. The Fab HM14c10 -DENV-1 E complex alpha-carbon atom coordinates were obtained from the PDB (accession number 4CAU), which was derived from a 7-Å cryo-EM density map (4) . At a resolution of 7 Å, only C ␣ atoms could be confidently placed. We used the Fab HM14c10 moiety from the crystal structure of the Fab HM14c10-E1 complex (this work) for docking onto the previously reported complex and added the missing side chains in the Fab HM14c10 -DENV-1 E system using the PULCHRA program (24) . Missing residues at the flexible loops were added by using MODELLER (25) . To refine the interactions between side chains, MD simulation was performed. The all-atom Fab HM14c10 -DENV-1 E complex was prepared by using VMD (26) , and simulations were performed by using NAMD 2.11 (27) . The complex was simulated in a sufficiently large hydrated box such that the minimal distance between the solute and the box boundary was 15 Å along all three axes. The charges of the solvated system were neutralized with counterions, and the ionic strength of the solvent was set to 150 mM NaCl.
Detection of HM14c10-like antibodies in primary DENV-infected convalescent patients with E1. MaxiSorp plates were coated with 5 g/ml of E1 expressed as mouse IgG2a with a human IgG3 hinge (mG2a/hG3) (diluted in phosphate-buffered saline [PBS]) at 4°C overnight (50 l per well). The following day, coated plates were washed twice with PBS and then blocked for 90 min with 4% skimmed milk (Sigma-Aldrich, Singapore). Plates were washed twice with PBS-0.05% Tween 20 prior to the addition of titrated serum samples from tests and controls (50 l per well). After a 1-h incubation at room temperature (RT), plates were washed twice in PBS-Tween 20, and a secondary anti-human IgG-Fchorseradish peroxidase (HRP) antibody was then added for detection (0.5 g/ml) for 30 min. After two more washes in PBS-Tween 20, the binding signal was detected with a tetramethylbenzidine (TMB) substrate (Pierce TMB substrate kit; Thermo Scientific, USA), and the reaction was s stopped after 10 min with 1 M sulfuric acid. The absorbance was read at 450 nm on a Bio-Rad ELISA reader (Bio-Rad, Singapore). Data shown are representative of results from three individual experiments on the batch of patient sera collected.
All-atom MD simulation as structural refinement. The system described above was subjected to conjugate gradient minimization for 10,000 steps, subsequently heated to 300 K in steps of 5 ps, and equilibrated for 2 ns with the backbone atoms constrained by using a harmonic potential of the form U(x) ϭ k(x Ϫ x ref ) 2 , where k is 1 kcal mol Ϫ1 Å Ϫ2 and x ref is the initial atom coordinates. The equilibrated system was simulated for a further 30 ns to refine the interactions formed by the side chains of Fab HM14c10 and DENV-1 E proteins. During the simulation, the backbone C ␣ atoms of the secondary structures were constrained with the same harmonic potential. Note that the unstructured loops were not restrained and thus could change their conformations to improve the binding of Fab HM14c10 to the E proteins. The refined system was minimized for 10,000 steps (such that no effect of velocity was left) before being analyzed. All simulations were performed under the NPT ensemble assuming the CHARMM36 force field for the protein (28) and assuming the TIP3P model for water molecules (29) .
Ethics statement. Written informed consent was obtained from all study participants, all procedures were carried out under an approved protocol from the National University of Singapore Institutional Review Board under protocol number 06-196, and the clinical investigation was conducted according to principles of the Declaration of Helsinki. Accession number(s). Data from this work can be found under PDB accession code 5XAJ.
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